Bromide adsorption on Pt(111) is investigated by means of cyclic voltammetry and CO displacement experiments at different pH values. In acidic pH bromide adsorption is strongly overlapped with hydrogen desorption process. However, as the pH increases, hydrogen adsorption process displaces towards negative potentials while bromide adsorption remains nearly in the same potential region. In consequence, both processes decouple at higher pH values. The structural transition from Pt(111)-(1×1) to Pt(111)(3×3)-4Br is pH independent, in the SHE scale, and not observed for pH > 9.1.
INTRODUCTION
The knowledge of the properties of the metal-electrolyte interface has fundamental importance in electrochemistry. It is well established that the rate determining step of all electrocatalytic reactions necessarily involves adsorbed species or at least a specific interaction between reactants or intermediates and the electrocatalytic surface. Such interactions are expected to be extremely sensitive to the interfacial charge and/or the existence of co-adsorption phenomena. For that reason, quantifying the amount of charge separation at the electrochemical double layer is extremely important to rationalize the electrocatalytic phenomena. For this, the fundamental property that should be investigated to relate the electrode potential, which is the directly measurable quantity, with the interfacial charge, is the potential zero charge (pzc). [1] [2] [3] [4] [5] Two different types of pzc can be defined at platinum electrodes, the potential of zero free charge (pzfc) and the potential of zero total charge (pztc). While the free charge considers the true electronic excess charge on the metal, compensated by the ionic charge on the electrolyte, the only accessible quantity is the total charge which includes both capacitive and pseudo-capacitive (faradaic) contributions. The pztc can be measured with the CO displacement experiments, 1,2,4-9 while the pzfc can only be calculated in some particular cases from the pztc by using some additional assumptions 10 . Besides, the location of the pzfc can be inferred from some indirect measurements like the reorientation of interfacial water molecules monitored by laser-induced temperature jump experiments. [11] [12] [13] When anion specific adsorption takes place on the electrode surface it is extremely important to determine the charge transfer characteristics involved in this process, since it implies changes in the pztc and it also promotes electrode surface modifications. 3, 14 The structural adlayer of the adsorbed anion can be "incommensurate" 4 
EXPERIMENTAL SECTION
Experiments were performed in a glass electrochemical cell with three electrodes following the general procedure described in Korzeniewski et al. 25 Pt(111) working electrode was prepared from a small Pt bead ca. 2 mm in diameter according to the procedure described by Clavilier et al. 26 The reference electrode was a reversible hydrogen electrode (RHE) in all cases, although some results are presented vs the SHE in some figures. The counter electrode was a platinum coiled wire cleaned by flame annealing and quenched with ultrapure water.
Working solutions with pH values lower than 3 were prepared by using HClO 4 (Merck, for analysis) and KClO 4 (EMSURE ACS for analysis 99.5%-100.5%, Merck).
For pH values ranging from 3 to 9, phosphate buffer solutions were employed (Na 2 HPO 4 and NaH 2 PO 4 , traceSELECT ® , Fluka Analytical). Alkaline solutions were prepared with NaOH (99.99%, trace metals, Sigma-Aldrich) and KClO 4 . Bromide adsorption was investigated by using KBr (Merck, Suprapur, 99.99%). Ultrapure water (Elga PureLab Ultra, 18.2 MΩ cm) was employed for glassware cleaning and preparation of all the working solutions. Ar, H 2 and CO (N50, Air Liquide) were also employed. CO displacement experiments were performed as described elsewhere. 4, [7] [8] [9] The electrode potentials were controlled using a waveform generator (PARC 175, EG&G) together with a potentiostat (eDAQ 401) and a digital recorder (eDAQ ED401). All the experiments were carried out at room temperature.
RESULTS AND DISCUSSION

Bromide adsorption on Pt(111)
Cyclic voltammetric profiles for Pt(111) in the absence of bromide and in the presence of 10 -2 M Br -at pH values from 1.2 to 11.5 are shown in Fig. 1 . In the case of 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 the blank voltammetries without bromide,the hydrogen adsorption/desorption region appears between 0.06 V and 0.4 V (vs RHE) for all the experiments in the complete pH range investigated. [27] [28] [29] However, the voltammetric peaks associated with the (100) and (110) defects shift with pH with a non-Nernstian behavior. 28, 29 Such shift has been recently attributed to the presence of cations in the buffer solution. 30 When no anion specific adsorption is present, the adsorption/desorption feature of hydroxyl anions is observed at high potentials, while in the presence of phosphate anions this region is displaced to more negative potentials and different irreversible sharp peaks appear due to the adsorption of phosphate species. 28 It is important to take into account that the pK a for the phosphate species at the metal|solution interface are much lower than their values for the same species in the bulk solution. 31 Therefore, phosphate species that would not be found in the bulk solution at a certain pH could be present at the interface.
In the presence of 10 -2 M KBr the voltammetric profiles are significantly different because of the specific adsorption of bromide anions. RHE. 3 The measured charges at low potentials arise from both hydrogen adsorption/desorption and bromide desorption/adsorption on the platinum surface. 15, 20, 22 In acid solutions, these processes overlap significantly, 3 but, as the pH increases, the bromide adsorption moves to more positive potential values (in the RHE scale), separating from the hydrogen adsorption/desorption region. Bromide adsorption can also be inferred by the suppression of the OH -desorption/adsorption region, as observed for other specifically adsorbed anions. 5, 32 This feature is completely suppressed at acidic pH values, but, as the solution pH is increased, the adsorption strength of bromide anions decreases, and, for pH = 11.5, the hydroxyl anions desorption/adsorption region remains practically unchanged. 18, 22 In addition, the first peak associated with bromide adsorption becomes broader and diminishes drastically its intensity as the pH of the solution is increased, which indicates that the adsorption strength of Br -is decreasing. The sharp peak at 0.18 V vs. RHE at pH =1.2 is associated to the structural transition from Pt(111)-(1×1) (or Pt(111)(4×4)-7Br) to Pt(111)(3×3)-4Br (in the positive-going scan), which involves the oxidative adsorption of Br -and the reconstruction of the bromide adlattice. 3, [16] [17] [18] 23, 24 It is important to remark that the peak potential of this spike is pH independent in the SHE scale (as can be seen in Figure 2 ), suggesting that this structural transition does not involve the displacement of hydrogen. 18, 22 This reconstruction peak becomes markedly broader and lower at pH = 9.1, while at pH = 11.5 completely vanishes. This reinforces the idea that bromide adsorption is strongly inhibited by the competitive adsorption of OH ads . In this sense, pH = 9.1 would be the pH limit in which bromide anions could adsorb promoting the structural transition ( Figure 2 ). The pH-independent behavior of the structural transition spike for bromide differs from H 2 SO 4 solutions because in the latter case the adsorption of sulfate also implies the transfer of protons. The curves plotting total charge as a function of potential for some of the studied pH values are shown in Figure 3A . These curves were obtained from the integration of the cyclic voltammogram in the presence of bromide using the total charge obtained from CO displacement experiments performed at 0.1 V vs. RHE as the integration constant. 1, 5, 34 Displaced charges with CO were corrected to consider the remaining charge on the interface after CO adsorption. 35 From these plots the potential of zero total charge (pztc) can be estimated as the point where the curve crosses the potential Figure 3A ). The negative charge at lower potentials is mainly due to the reductive hydrogen adsorption. The inflection points mark the potential range where bromide adsorption takes place. The first inflection at lower potentials (overlapped with the hydrogen adsorption process) marks the onset of bromide adsorption while the one at higher potentials similar in shape to sulfate adsorption, marks the completion of the adlayer, which finishes in the sharp spike, except for pH present, which indicates that in acid medium bromide adsorption is stronger than in alkaline medium. The bromide structural transition takes place at higher potentials than the pztc for all cases. It is noteworthy that the ptzc for pH 6.9 and 9.1 are very close, although the bromide adsorption in pH 9.1 is strongly inhibited in comparison to pH 6.9. This indicates that pH 9.1 seems to be the pH limit in which the competition with the adsorption of oxygenated species prevents these surface phenomena promoted by bromide. In the absence of bromide anions a monotonic trend is observed since different phosphate species are participating depending on the pH. However, it can be seen that the pztc always tends to approach the value corresponding to the absence of specific anion adsorption at very high pH ( Figure 3B ).
It is important to highlight that in presence of strongly adsorbed anions, the interfacial properties at the highest potential range should be pH independent, since the adsorption of oxygenated species is suppressed by anion adsorption (Figure 1 ). Hence, in the particular region where the Br -adlayer is completed, no other contributions are involved and the charge at the interface should be pH independent. 32 The coincidence of the voltammetric curves between 0.12 V -0.17 V (vs. SHE) in the pH range between 3.4 and 9.1 ( Figure 2 ) illustrates this idea. Also, the charge curves in figure 3A demonstrate the independence of the interfacial properties on pH in the highest potential range. It must be remarked that this is obtained as an experimental result from the combination of current integration and displaced charges. An alternative approach would be to impose the coincidence of the curves at a potential higher than the spike at 0.15 V. In this way, the relative position of the charge curves could be elucidated without the use of CO displaced charges as integration constant. We would only need one integration constant for one of the curves to obtain the absolute position of all the curves at the different pHs. On the other hand, charge curves with and without bromide should coincide in the lowest potential range where bromide is completely desorbed and the properties of the interphase are dominated by hydrogen adsorption. This is illustrated in figure 4 . In this figure all the curves integrated from the voltammograms with bromide in different pH solutions are adjusted to coincide at 0.3 V SHE. Then, every curve recorded in the absence of bromide is made to coincide with the corresponding curve recorded at the same pH but with bromide at 0.1 V RHE (this potential shifts in the SHE scale). In this way, the relative position of all the curves is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In this way, the dependence of pztc values with pH can be accurately obtained with less experimental uncertainty than the one associated with the CO displacement. It should be stressed that one of the uncertainties associated with the CO displacement, the dependence of the correction for the remaining charge on the CO covered surface with the pH, is avoided in this approach since only one integration constant is used at a single pH value. The same approach has been previously used to obtain information of the interfacial properties in a much narrow pH range. 32, 38 From the result plotted in figure 4 , the pztc values for solutions with and without bromide can be easily obtained from the intersection with the q=0 axis. The results obtained with this approach are plotted in figure 3B , together with the values obtained with the charge displacement technique, demonstrating the good agreement between both approaches.
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The plot of pztc vs. pH is a particular case of an Esin Markov plot. In general, the Esin Markov coefficient is defined as the variation of the potential at constant charge as a function of the chemical potential of one species in solution. Under the light of the electrocapilary equation this can be related with the formal charge transfer number at constant charge:
Where ߦ is the Parsons function defined as ߦ = ߛ + ‫.ܧݍ‬ According to this exact differencial, based on the equality of cross partial derivatives, we obtain the desired relationship:
Where
is the formal partial charge number for H + adsorption.
From the curves of figure 4A we can take horizontal cuts to obtain values of potential for different values of constant charge to plot them as a function of the pH. The result is shown for some selected charge value in figure 5A and B for solutions with and without bromide, respectively.
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Values of ߦ can be obtained from integration of the potential as a function of charge, except for an integration constant. Although this integration constant is unknown, it can be assumed independent of the pH at sufficiently high potential (charge) values.
Following this approach, the potential was integrated as a function of charge and all the resulting curves were shifted to make them coincide at q=100 µCcm 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 especially those at higher charge, indicating that the low coverages of hydrogen depend slightly on pH. For this reason, both quadratic and linear fits were used to extract the slopes and the results are compared in figure 8. While there is little difference between the quadratic and linear fit for high coverage values, at low coverages, the results from the quadratic fit seem to produce better results. It is also noteworthy the change of slope in the curves for the lower pH in figure   8B , which signals the potential where bromide adsorption forces the displacement of the remaining adsorbed hydrogen.
CONCLUSIONS
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